Objectives-To explore factors affecting the quality of quasistatic ultrasound elastograms of the breast and to evaluate their accuracy in distinguishing benign and malignant breast lesions.
I
n women, breast cancer is the most frequently diagnosed malignancy and a leading cause of cancer death worldwide. There are several established risk factors for breast cancer. Some risk factors, including age, genetic predisposition, estrogen exposure, and breast density, have a substantial influence on the occurrence of breast cancer. These risk factors might interrelate. 1 The median ages at diagnosis of breast cancer are 48 to 50 years among Chinese women and 64 years among American women; 57.4% of these women have a diagnosis before 50 years of age, and 62.9% are identified during the premenopausal period. 2 Some patients with breast cancer present at an advanced stage at their first clinical visits, especially in less-developed regions and countries. For example, in China, more than 20% of patients with breast cancer were at an advanced stage, 3 and more than 50% of all patients with breast cancer had a diagnosis of stage III or IV in India. 4 Various techniques have been developed for diagnosing breast cancer, including mammography, ultrasonography (US), magnetic resonance imaging, and computed tomography. Mammography is the first-line breast cancer screening method, and US is typically used as an adjunct to mammography for further evaluation of suspicious areas; it has also been used as a supplement to mammography for women with dense breasts. Magnetic resonance imaging and computed tomography are used for checking patients with high-risk factors and also for identifying cancer metastasis.
Since pathologic results of tissues are generally correlated well with stiffness changes, the tissue elasticity of a lesion has conventionally been assessed by palpation. However, manual palpation is subjective and lacks a unified standard. Ultrasound elastography was developed to noninvasively measure the tissue strain induced by transducer compression. The concept of elastography was first proposed by Parker and Lerner 5 in 1992, and clinical trials on elastography started in 1997. 6 Elastographic techniques can be generally classified into quasistatic elastography, dynamic elastography based on sheer wave technology, acoustic radiation force impulse elastography, 7 and harmonic motion imaging. 8 Elastographic techniques are mainly applied for differential diagnosis in various organs, including the breast, 9-11 thyroid, 12 liver, 13 and prostate. 14 The application of elastography for detecting breast lesions helps improve the accuracy of distinguishing between benign and malignant nodules 15, 16 and reduces the chance of an invasive biopsy for suspicious lesions. 17, 18 Varying stiffness of different tissues leads to different responses (such as different strain, a different vibration amplitude, and a different propagation speed of the sheer wave), which can be detected by elastography after applying an excitation in the elastic sampling frame. Elastographic techniques transform these signals into quantitative strain distributions (or deformation) of biological tissue. The distributions of strain represent elastic properties of tissue (greatest strain equates to the softest component, whereas no strain equates to the stiffest component).
Currently, elastography has gradually become the most useful modality for quantitatively measuring tissue stiffness. 19 The quality of elastograms can greatly influence the evaluation of elastic properties of soft tissues.
To obtain satisfactory elastographic results and improve the quality of elastographic examinations, previous studies 10, [20] [21] [22] examined factors affecting elastography and showed that the depth and size of breast lesions were related to the quality of elastograms, and it was harder for physicians to acquire satisfactory elastograms with deeper and larger lesions. However, the aforementioned studies had several limitations in their methods; for instance, the exact definitions of various factors and relationships between factors were not clearly elucidated. Therefore, possible factors affecting the elastographic quality were analyzed in detail in this study.
The purpose of our study was to prospectively evaluate the influence of 9 factors-maximum depth of the lesion (X 1 ), maximum transverse diameter of the lesion (X 2 ), thickness of the adipose layer (X 3 ), thickness of the glandular layer (X 4 ), thickness of the breast (X 5 ), distance between the nipple and lesion (X 6 ), age (X 7 ), body mass index (BMI; X 8 ), 23 and menopausal status (X 9 )-on the quality of elastograms. Moreover, the diagnostic efficacy of quasistatic elastography on malignant breast lesions was determined.
Materials and Methods

Patients
From January 2013 to December 2015, 702 breast lesions were detected in 663 female patients at Shandong Cancer Hospital on both conventional US and quasistatic elastography. All of the lesions were subjected to excision by surgery or the Mammotome system (Mammotome EX, Johnson and Johnson Company) to obtain histologic results confirming the histologic nature of the lesions. The study was approved by the Institutional Ethics Committee of Shandong Cancer Hospital (No. 201703040), and all patients provided informed consent. An electronic archive was established to record patients' clinical information.
Criteria for Satisfactory Elastographic Results
Detailed criteria were set for determining satisfactory and unsatisfactory elastographic results. Group A included satisfactory elastograms, which were considered to be those in which the elastic sampling frame could completely cover the lesions, with sufficient coloring inside the lesion, be well contrasted with surrounding tissue, and have color stability (no flickering within 3 seconds), as shown in Figure 1 . Group B included unsatisfactory elastograms, which were defined as those that did not satisfy any of the above criteria (as shown in Figure 2 ). Elastographic scores could not be achieved under such conditions.
The definitions of the factors X 1 to X 6 are shown in Table 1 . Age (X 7 ) was the actual age of patients, with the year accurate up to 1 decimal place. The BMI (X 8 ) was defined as the body mass/weight (kilograms) divided by the body height (meters) squared. For menopausal status (X 9 ), patients older than 45 years with no menstrual cycle for longer than 6 months were considered menopausal.
Ultrasonographic Examinations and Imaging Analyses
All images were obtained on a HV-900 US system (Hitachi Medical, Tokyo, Japan) with a frequency range of 4 to 11 MHz. The scale of the color in the elastograms represented the extent of strain, for which red showed areas with the softest component (ie, greatest strain); green showed areas with a medium component (ie, medium strain); and blue showed areas with the stiffest component (ie, no strain or least strain).
Both conventional US and elastographic scans were performed by 2 radiologists with greater than 5 years of experience in breast elastography and more than 10 years of experience in conventional breast US. All images were evaluated by the radiologists working together. Patients were examined in a supine position with arms placed behind the head. With suitable conditions of depth, focus, and gain, every lesion underwent conventional US and was initially evaluated according to the American College of Radiology (Reston, VA) Breast Imaging Reporting and Data System (BI-RADS) criteria; factors X 1 to X 6 were measured at the same time. In the images, the elastic sampling frames could cover the entire lesions; the elastograms were stable (in 3 seconds without blinking); color was not lacking in the elastic sampling frames of the lesions; and color in the lesions was well contrasted with the surrounding tissue.
Lesions with BI-RADS categories 1, 2, and 3 were considered benign, and those with BI-RADS categories 4 and 5 were considered malignant. Next, quasistatic elastography was performed with the US transducer perpendicular to the thorax and slight pressure applied to the lesions. The physicians began to evaluate the elasticity of the lesions when the pressure indicator bar showed 3 or 4 (shown in Figure 1) . The elastic sampling frames were set to the criteria for elastograms: the superior margin included subcutaneous fat, and the inferior margin included pectoral muscle. 24 The elastograms were separated into groups A and B according to criteria for satisfactory and unsatisfactory elastograms. Figure 2 . Three examples of unsatisfactory elastograms belonging to group B. In A, The elastic sampling frame could not cover the entire lesion; the image was unstable (in 3 seconds of flicker); and lack of coloring (with more noise) was observed inside the lesion. In B, No clear contrast was observed between the lesion and surrounding tissues. In C, the elastic sampling frame could not cover the entire lesion. Pathologic results for the above lesions were infiltrating ductal carcinoma (A), mammary hyperplasia and adenoma degeneration (B), and chronic mastitis cysts (C). The lesions in group A on quasistatic elastography were evaluated on the basis of a 5-point scoring system (Table 2) proposed by Itoh et al 25 and were then reevaluated in combination with conventional US. Lesions in group A with elastographic scores of 4 or higher were considered malignant, whereas those with elastographic scores of 3 or lower were benign. When the lesions were reevaluated by conventional US and quasistatic elastography, lesions with elastographic scores of 4 or higher, BI-RADS categories of 4 or higher, or both were considered malignant; lesions with elastographic scores of 3 or lower, BI-RADS categories of 3 or lower, or both were considered benign.
If elastograms indicated no strain or less strain for lesions in group B, as shown in Figure 3 , then the lesions were upgraded to the next category. If elastograms indicated obvious strain for lesions in group B, as shown in Figure 4 , then lesions would be downgraded. Compared with the surrounding tissues, if lesions lacked good color contrast with a deviant color distribution, as shown in Figure 2B , the lesions would be mainly estimated by the characteristics on conventional US.
Statistical Analyses
Statistical analyses were performed with SPSS version 20.0 software (IBM Corporation, Armonk, NY) with Five-point scoring system for breast cancer diagnosis. The elasticity score is a 5-point scale used to classify elastographic patterns from benign to malignant as follows: score 1 (benign), score 2 (probably benign), score 3 (benign or malignant are equivocal), score 4 (malignancy suspected), and score 5 (malignancy strongly suggested).
pathologic results used as the reference. Data were described as mean 6 standard deviation. To compare the 8 measured factors (X 1 -X 8 ) between groups A and B, one-factor analysis of variance was conducted; to compare factor X 9 , a v 2 test was applied. P < .05 was considered statistically significant.
Next, multivariate logistic regression analyses were performed to determine the relationships between the 9 factors (X 1 -X 9 ) with the quality of elastograms. Moreover, receiver operating characteristic curves were plotted to find factors with a maximal area under the curve and to ensure the optimal cutoff for elastogram quality with the Youden index. Moreover, v 2 tests were applied to further compare the diagnostic accuracy between and within groups for conventional US and conventional US combined with quasistatic elastography, with P < .05 considered statistically significant. 
Results
Basic Demographic Characteristics of Patients
Comparisons of Influencing Factors Between the Groups
One-factor analysis of variance revealed that the maximum depth of the lesion (X 1 ), maximum transverse diameter of the lesion (X 2 ), thickness of the adipose layer (X 3 ), thickness of the glandular layer (X 4 ), and thickness of the breast (X 5 ) in group B were significantly higher than that in group A (P < .05). However, there were no significant differences between groups A and B in terms of the distance between the nipple and lesion (X 6 ), age (X 7 ), BMI (X 8 ), and menopausal status (X 9 ). The menopausal status (X 9 ) of the groups comprised 32.37% (191 of 590) from group A and 39.29% (44 of 112) from group B, and the Pearson value was r 5 2.02 (P 5 .155). Details of these results are shown in Table  3 .
Detection of Independent Factors Influencing the Quality of Elastograms
Taking the quality of elastograms as dependent variable Y, multivariate logistic regression analyses found that X 1 , X 3 , and X 5 were independent factors in the quality of elastograms (P < .05; Table 4 ). However, X 2 , X 4 , X 6 , X 7 , X 8 , and X 9 showed no significant differences. Among these factors, the maximum depth of the lesion (X 1 ) had the highest odds ratio (16.231).
Determination of Cutoff Values to Define Satisfactory Elastographic Results
Taking the quality of elastograms as a steady variable, areas under the curves for X 1 , X 2 , and X 5 were all greater than 0.9 during the analyses of receiver operating characteristic curves for X 1 through X 5 , which indicated correlations with the quality of elastograms, as shown as Figure 5 and Table 5 . Among these data, the area under the curve for X 1 was the greatest (0.986) with the optimal cutoff threshold at 2.5 cm. Data are presented as mean 6 SD where applicable. Comparisons of Diagnostic Accuracy v 2 tests were conducted to evaluate the diagnostic accuracy within and between groups for conventional US and conventional US combined with quasistatic elastography. Conventional US combined with quasistatic elastography showed superior diagnostic accuracy over conventional US in both overall and intragroup comparisons.
When comparing diagnostic accuracy between groups, the accuracy in group A was significantly lower than that in group B (86.78% versus 93.75%; P 5 .02) for conventional US; there was no significant difference in accuracy between groups A and B (93.39% versus 94.64%; P 5 .403) for conventional US combined with quasistatic elastography. All of these data are shown in Table 6 .
Discussion
Among the 702 breast lesions, most of the images were satisfactory (84.05%), suggesting that quasistatic elastography was a suitable procedure for the evaluation of breast lesions in Chinese women. Factors that may increase the difficulty of obtaining satisfactory elastograms in clinical practice were investigated in this study. Our results show that various factors-maximum depth of the lesion (X 1 ), maximum transverse diameter of the lesion (X 2 ), thickness of the adipose layer (X 3 ), thickness of the glandular layer (X 4 ), and thickness of the breast (X 5 )-were significantly higher in group B (unsatisfactory images) compared to group A (satisfactory images), which indicated that satisfactory elastograms would be more difficult to obtain with increased size and depth of breast lesions. Furthermore, in our logistic analysis, the maximum depth of the lesion (X 1 ), thickness of the adipose layer (X 3 ), and thickness of the breast (X 5 ) were shown to be independent variables affecting the quality of elastograms.
Song et al 26 agreed with our results, suggesting that lesion size (maximal diameter as measured on the elastogram) was closely related to the quality of the elastograms in deep lesions but not in shallow lesions. Moreover, another study by Chang et al 27 revealed that lesion size (maximum diameter as measured on B-mode US) was an independent factor affecting elastograms, which was also consistent with our results.
To determine the cutoff values for lesion depth between satisfactory and unsatisfactory elastograms, receiver operating characteristic curves were plotted. Our results showed that X 1 was the most important factor affecting the quality of elastograms, with the greatest area under the curve of 0.986 and a cutoff value of 2.5 cm. A similar lesion cutoff depth (3.0 cm) was reported previously by another multicenter study. 22 The reason why these factors are closely related to breast lesion depth is easy to explain. First, it is difficult for physicians to control suitable pressure at deeper lesions, which results in unsatisfactory elastograms. Second, attenuation of ultrasonic signals increases along with the depth of lesions, which leads to poorer-quality elastograms of deeper lesions. Finally, the size of the elastic sampling frame causes certain deviations in color contrast compared to the surrounding tissues. 28 Therefore, the factors related to depth, including X 1 , X 3 , and X 5 , were proven as independent variables based on the quality of the elastograms. As for lesion size, the maximum transverse diameter along with the increase in the maximum depth due to expansive growth of tumors in larger lesions suggest that the maximum transverse diameter of a lesion may be correlated with depth of the lesion and has an indirect effect on the quality of elastograms.
Our study found minimal influence from the other 4 factors (X 6 -X 9 ) on the quality of elastograms. Nevertheless, another study 29, 30 revealed that lesions behind the nipple would affect the quality of elastograms, which was not so obviously detected in our results. This contradiction could be explained by the fact that the volumes of lesions behind the nipple were slightly larger in our study, and the physicians in this study were more experienced in detecting breast lesions on elastography. Moreover, although the menopausal status was analyzed in our study, it was not an independent predictor of the quality of elastograms.
When analyzing diagnostic accuracy, we found that conventional US combined with quasistatic elastography showed superior diagnostic accuracy over conventional US in both overall and intragroup comparisons. This finding indicates that elastography can improve the accuracy of US diagnosis of breast lesions.
When diagnostic accuracy was compared between groups, the diagnostic accuracy of group B was higher than that of group A for conventional US. As the mean maximum transverse diameter of group B was larger than that of group A, we speculated that the conventional US characteristics of the lesions in group B, which had greater volume growth, meant that more time was available to help physicians make a more accurate diagnosis. Moreover, the simultaneous signs of lesions, including lymphangiectasia, partial lymph node invasion, and lymphatic metastasis, would also help improve the diagnostic accuracy in group B. However, with the use of conventional US combined with quasistatic elastography, the accuracy was similar between groups A and B. Thus, conventional US combined with quasistatic elastography improved the diagnostic accuracy in group A and at the same time indirectly illustrated that elastography can improve the accuracy of US diagnosis of breast lesions.
A previous study 25 indicated that concomitant use of elastography and conventional US might reduce the number of false-positive results and unnecessary invasive procedures. Another study by Garra 19 suggested that elastography could build up physicians' confidence about differential diagnosis of suspicious lesions, which could avoid unnecessary biopsy of such lesions. Moreover, significantly higher diagnostic accuracy for all lesions on conventional US combined with quasistatic elastography versus conventional US alone was also confirmed the utility of quasistatic elastography.
Quasistatic elastography can further provide more information about the stiffness of lesions to assist our diagnoses of suspicious lesions. Therefore, diagnostic accuracy can be improved by taking advantage of conventional US and elastographic characteristics, and further evaluation of the efficacy of elastography for avoiding unnecessary biopsy can be considered.
A good-quality elastogram is the primary consideration in improving the diagnostic accuracy of quasistatic elastography. Many factors influence the quality of elastograms. In view of the influence of lesions on the elasticity of biological tissues, the elasticity of these tissues was determined by molecular constitution and organizational form (both in a microcosmos and on macrography). Therefore, the quality of elastograms may be affected by the pathologic type, histologic classification, immunohistochemical state, various US features, and clinical symptoms. Moreover, the elasticity of tissues around lesions will also affect the quality of elastograms because the color-coded graphs representing relative stiffness are made by comparison between lesions and tissues around lesions on quasistatic elastography.
Other factors-including ethnicity, density and heterogeneity of breast tissues, menstrual cycle of patients, menopausal status, and diseases altering the elasticity of total breast tissues (such as sclerosing adenosis)-affect the quality of elastograms. The x-ray density of breasts in a study by Chang et al 27 and menopausal status in our study were not independent predictors of the quality of elastograms, but there are still insufficient studies investigating the influence of other factors on the quality of elastograms.
At present, attenuation during propagation of external forces and the echo signal are still common disadvantages of both pressurized semiquantitative elastography and quantitative elastography on the basis of the shear wave. This problem could be addressed with improved technologies that enhance the quality of elastograms.
The skills and work experience of sonographers are also important factors affecting the quality of elastograms. It is quite difficult for a sonographer to control suitable pressures on various kinds of lesions with differing depths. To acquire elastograms of lesions in deep tissues, operators tend to increase the tension on lesions, which may result in deviations of the elasticity of the lesions. All of these factors have not been evaluated systematically, and more studies are still needed to clarify the influence of these factors on the quality of elastograms.
Despite the strengths of this study, several limitations are worth mentioning here. First, a sampling error and selection bias might have existed in this study. Patients in the study were recruited from a single tertiary specialized center, were more likely to have malignant lesions at advanced stages, and were also more likely to have larger lesions than patients from the general population. Second, even though quantitative elastography (including shear wave and acoustic radiation force impulse elastography) has been applied clinically, semiquantitative quasistatic elastography was applied in this study for economic reasons. Finally, other factors that might influence elastogram quality (ie, genetic predisposition, estrogen exposure, and breast density) were not fully investigated here. Hence, further thorough studies are required to uncover the possible effects of other factors.
In conclusion, ultrasound elastography is a powerful supplementary tool for distinguishing between benign and malignant lesions of the breast. Moreover, our study demonstrated that factors related to the size and depth of lesions, such as the maximum depth of the lesion, thickness of the adipose layer, and thickness of the breast, are independent variables affecting the quality of elastograms.
